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Abstract
Highly ordered Bi2FeMnO6 epitaxial thin films have been successfully grown on SrTiO3 substrate.
Both high-flux synchrotron X-ray diffraction reciprocal space mapping and high resolution trans-
mission electron microscopy confirmed the alternative alignment of Fe and Mn along [111] direction
of Bi2FeMnO6 films. Magnetic and ferroelectric properties of Bi2FeMnO6 films are characterized
and analyzed. The room-temperature ferroelectricity is well kept in Bi2FeMnO6 film as expected.
However, it is very interesting that Bi2FeMnO6 film exhibits a typical spin-glass behavior and very
weak magnetism rather than a ferri/ferromagnetism as generally believed. Our first-principles cal-
culations suggest a spin frustration model for Bi2FeMnO6, which can well explain the intriguing
magnetic property of Bi2FeMnO6 film.
1
ar
X
iv
:1
51
2.
06
36
0v
2 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 17
 Ja
n 2
01
6
INTRODUCTION
Multiferroic materials have attracted significant attention in recent years because of their
intriguing physical phenomena and huge potential applications in multifunctional devices,
such as sensors and memory devices for storage data[1–3]. Single-phase multiferroics are
very rare because ferroelectricity generally requires empty d-orbitals whereas ferromagnetism
needs partial filled d-orbitals, which is commonly incompatible[4]. As exceptions, bismuth
based perovskite oxides BiFeO3 (BFO) and BiMnO3 (BMO) are well-known multiferroic
materials. The coexistence of ferroelectricity and (anti)ferromagnetism in these compounds
is thought to be realized by the combination of magnetic element (Fe or Mn) at B site
and Bi 6s2 lone-pair electrons at A site. However, BFO is a canted antiferromagnet (Ne´el
temperature TN ∼ 640 K), which leads to very weak ferromagnetism, although it has a very
high ferroelectric Curie temperature (Tc ∼ 1103 K)[5]. As for BMO, its ferroelectric Curie
temperature approaches to 450 K, whereas it has a low ferromagnetic (FM) Curie tempera-
ture (∼ 105 K) far below room-temperature (RT)[6]. Moreover, BMO is metastable, which
makes its fabrication very difficult. Previous studies have pointed out that the bulk phases
of BMO have to be synthesized by the high-pressure method[7] and the growth of pure phase
BMO epitaxial films can only be achieved by strain engineering[6, 8, 9]. These drawbacks of
BFO and BMO materials inevitably limit their practical applications on spintronic devices,
especially in RT environment.
To overcome these aforementioned drawbacks, double-perovskite Bi2FeMnO6 (BFMO)
was recently proposed as a good candidate for RT single-phase multiferroic material[10, 11].
In BFMO, Fe and Mn ions were reported to energetically favor high spin state, i.e., Fe3+
and Mn3+[10], and the coupling of dissimilar ions of Fe3+(d5)-O-Mn3+(d4) were suggested
to be antiferromagnetic (AFM) in previous studies[10, 12, 13]. This antiparallel coupling
is believed to provide a net magnetization as Fe3+ and Mn3+ ions have unequal magnetic
moments. Thus, we expect ferrimagnetism could be induced via the alternative periodic
arrangement of Fe3+ and Mn3+ at B sites along [111] direction of BFMO. Similar idea has
been proposed by Rabe et al. [14, 15] to predict the coexistence of ferroelectricity and
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ferrimagnism in BFO-BMO checkerboard (i.e., the (110)-oriented BFO-BMO superlattice).
Many attempts therefore have been made to fabricate BFMO and explore their multiferroic
properties[10–13, 16–25]. However, experimentally it is hard to achieve the exactly ordered
BFMO supercell structure. At present, only disordered BFMO bulk and films, in which Fe
and Mn ions are randomly distributed at B sites, have been synthesized, and no convincing
experimental evidence for Fe-Mn ordering along [111] direction is found[13, 16–19]. In ad-
dition, recent neutron diffraction experiment further confirmed Fe and Mn disordering at B
sites at RT in BFMO epitaxial films[21].
Based on first-principles calculations, BFMO is a metastable compound in which Fe-Mn
ordering is not favored[10]. Note that Nechache et al. have made systematical studies
on the fabrication and characterization of double perovskite Bi2FeCrO6 (BFCO) epitax-
ial films[26–29]. They not only grew metastable BFCO films by pulsed laser deposition
(PLD) through strain engineering, but also confirmed Fe-Cr ordering along [111] direction
through asymmetric X-ray diffraction (XRD) method. Fe-Cr ordering indeed gives rise to
RT ferrimagnetic behavior, and consequently BFCO films exhibit a good RT multiferroic
properties[26, 27]. In addition, Bi2NiMnO6 epitaxial films with ordered double-perovskite
structure have been grown on (001) SrTiO3 (STO) substrates by PLD and exhibit multifer-
roic properties at 100 K[30]. Fe-Mn ordering was also achieved in LaFe0.5Mn0.5O3 film grown
on STO (111) substrates[31, 32]. Therefore, these pioneering works suggest that it is feasible
to grow epitaxial BFMO films with Fe-Mn ordering. Furthermore, Mn3+ is a Jahn-Teller
ion, which often induces exotic phenomena in perovskite oxides, consequently we anticipate
BFMO would demonstrate more interesting properties. Finally, Fe-Mn ordering is expected
to reduce the band gap to 1∼2 eV[33], thus BFMO could be a promising candidate for
ferroelectric photovoltaic materials. These above reasons motivate us to study BFMO.
In this work, we have successfully fabricated double-perovskite BFMO epitaxial films
on STO (001) substrates by PLD, and further confirmed the Fe-Mn ordering along [111]
direction using synchrotron reciprocal space mapping (RSM), asymmetric XRD and high
resolution transmission electron microscopy (HRTEM) measurements. RT ferroelectricity
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is revealed in these BFMO epitaxial films by the ferroelectric measurement. The interest-
ing part is, contrary to what we expected, the characterization and analysis of magnetism
indicate that [111] Fe-Mn ordering of BFMO does not result in RT ferri/ferromagnetism.
Instead, BFMO only shows a very weak magnetism due to a special magnetic state–spin
glass. Thus, the magnetic structure of BFMO is completely different from that of BFO. Our
research confirms that the metastable BFMO film with [111] Fe-Mn ordering can be realized
experimentally, and it favors a spin frustrated magnetic structure.
RESULTS
Structure characterization and analysis. The BFMO films with different thickness
were grown on [001]-oriented STO substrates by PLD. Both 40 and 190 nm-thick BFMO
films are pure phase since all diffraction peaks can be indexed, as shown in Supplementary
Fig. S1a. Only (00l) peaks (l = 1, 2, 3, 4) of BFMO films and the corresponding peaks of
STO substrates are observed in Fig. S1b, which indicates that BFMO films are well oriented
along the normal direction of STO substrate surface. For 40 nm BFMO film, the fringe-peak
oscillation is clearly observed in 2theta-Omega scan in the vicinity of (001) reflection (see
Supplementary Fig. S1c). The full width at half maximum (FWHM) values of the rocking
curve scan around (002) diffraction peak are 0.05◦ for BFMO and 0.03◦ for STO (see Sup-
plementary Fig. S1d). The root-mean-squared roughness of 40 nm BFMO (measured area
2× 2 µm2 measured by atomic force microscopy is about 1.39 nm (see Supplementary Fig.
S1e). These observations indicate that 40 nm BFMO film deposited on STO (001) substrate
is a smooth and high-quality epitaxial film. BFMO film grown on STO substrate suffers
from a compressive strain and when the thickness of BFMO film increases up to 190 nm,
it inevitably becomes relaxed, at least partially. The broader (00l) peaks at 2theta-Omega
scan and high FWHM (∼ 0.24◦) of (002) peak at rocking curve for 190 nm BFMO film
reflect this fact indirectly (see Supplementary Fig. S1b-d). The image of 190 nm BFMO
film shows it has a smooth surface in rectangular grains of epitaxial films like 40 nm BFMO
(see Supplementary Fig. S1f).
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To further analyze the epitaxial strain state of BFMO films, RSM was used to record
around symmetric (002) and asymmetric (-103) pseudo-cubic (pc) reflections. Fig. 1a,b
show RSM patterns for 40 nm BFMO film, measured in the vicinity of (002) and (-103)
reflections, respectively. The RSM patterns are plotted by reciprocal lattice units (r.l.u.) of
STO substrate (1 r.l.u. = 2pi/3.905 A˚). RSM around (002) reflection clearly demonstrates
the full orientation of BFMO film along the perpendicular direction to the surface of STO
(001) substrate, and cpc is determined to be ∼ 4.015 A˚ according to the vertical distance
between the reciprocal points of BFMO and that of STO. The fringe peak oscillation is
also appeared in the vicinity of (002) reciprocal point along [001] direction. It is caused by
the interference of thin film thickness and generally only exists in very thin films (< 100
nm or less). RSM around (-103) reflection exhibits that the reciprocal points of BFMO
and STO are the same position along the horizontal axis (i.e., in-plane [-100] direction),
revealing the same in-plane lattice parameters (apc ∼ 3.905 A˚) of BFMO film and STO
substrate. This observation confirms the high-quality epitaxial growth of BFMO film on
STO (001) substrate, and the in-plane strain caused by lattice mismatch between BFMO
and STO is completely kept in BFMO film. This residual strain is compressive and thus
the out-of-plane lattice parameter cpc (∼ 4.015 A˚) is longer than in-plane lattice parameter
apc (∼ 3.905 A˚) in 40 nm BFMO film. For 190 nm BFMO film, RSM of (002) and (103)
reflections demonstrate that the reciprocal space points of BFMO are still located at the
same position as STO substrate along horizon axis (i.e., [100] direction), as can be seen in
Supplementary Fig. S2. However, it is obvious that the reciprocal space points of 190 nm
BFMO film are partially dispersed or relaxed points, in contrast with those of 40 nm BFMO
film which are small condensed points. Therefore, 190 nm BFMO film is also epitaxially
grown on STO (001) substrate but in partially relaxed state.
Though our BFMO films are deposited on [001]-oriented STO substrates, the ordering
of Fe and Mn is along [111] direction (i.e., BFO-BMO superlattice along [111]). Thus, the
asymmetric XRD measurement around (111) reflection is a simple and feasible way to detect
the existence of Fe and Mn ordering along [111] direction. If there are some (m/2, m/2,
m/2) (m = 1, 3 ...) superlattice peaks in the asymmetric (111) scan besides (111) peaks, Fe
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and Mn [111] ordering can be primitively confirmed in BFMO films. The asymmetric scan
results of BFMO films on STO (001) substrates are shown in Fig. 1c. As we expected, two
superlattice peaks clearly appear at 19.5◦ and 61.0◦, besides (111) main peaks of BFMO
and STO. The presence of these two superlattice peaks is due to the Fe and Mn alternative
arrangement along [111] direction, and they are indexed by (1/2, 1/2, 1/2) and (3/2, 3/2,
3/2) superlattice reflections, respectively. According to Bragg’s law, the interplaner spacing
d(1/2, 1/2, 1/2) and d(1, 1, 1) of BFMO films are equal to 4.55 and 2.28 A˚, respectively.
This means that the periodicity of (1/2, 1/2, 1/2) superlattice reflection is 4.55 A˚, which is
almost twice of that of (111) reflection (i.e., d(1/2,1/2,1/2) ≈ 2d(1,1,1)).
It should be emphasized that Fe and Mn have very similar scattering factor and it is quite
difficult to detect very weak diffraction peak from Fe and Mn [111] ordering by the conven-
tional XRD measurement, especially for RSM. Thus, to provide more convincing evidence
of Fe-Mn ordering in BFMO films, high-flux synchrotron X-ray diffraction measurement at
Shanghai Synchrotron Radiation Facility was employed. The results, i.e., RSM about (111)
and (1/2 1/2 1/2) reflections for 190 nm BFMO film are shown in Fig. 2a, b, where the
reciprocal space coordinates is A˚−1. A sharp reciprocal point (111) originating from STO
and the relatively relaxed reciprocal point (111) coming from BFMO are presented in RSM
(111) image. Their reciprocal space length QZ corresponding to interplanar spacing d(111)
for STO and BFMO are 2.78 and 2.76 A˚−1, respectively. It is well known that d(111)=
2pi/QZ , thus d(111) for STO and BFMO are 2.26 and 2.28 A˚, respectively. More impor-
tantly, RSM (1/2, 1/2, 1/2) directly gives the apparent reciprocal point (1/2, 1/2, 1/2)
originating from Fe and Mn ordering in BFMO film. Its reciprocal space length is about
1.38 A˚−1, which suggests that the interplanar spacing d(1/2 1/2 1/2) = 2pi/(1.38 A˚−1) ≈
4.55 A˚. For BFMO, d(1/2 1/2 1/2) ≈ 2d(111) is confirmed by RSM, which is consistent with
asymmetric XRD data in Fig. 1c. RSM (111) and (1/2 1/2 1/2) patterns for 40 nm BFMO
are in well agreement with that of 190 nm BFMO (supplementary Fig. S3). Hence, by means
of synchrotron RSM (111) and (1/2, 1/2, 1/2) measurement, we unambiguously identify the
Fe and Mn ordering in our BFMO films, i.e., Fe and Mn ions arrange alternatively along
[111] direction and form the rock-salt-type double-perovskite BFO-BMO superlattice.
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Synchrotron X-ray RSM (1/2, 1/2, 1/2) definitely provides a strong support of the Fe
and Mn ordering along [111] direction in BFMO films. In order to obtain more detailed
microstructural information of the BFMO thin film and confirm the ordering of Fe and
Mn at atomic scale, a cross-sectional thin foil specimen was prepared by the conventional
methods and then observed by HRTEM. Figure 3a shows a typical bright filed image of the
BFMO thin film. It can be seen that the contrast of BFMO thin film is very uniform and no
grain boundaries can be observed, indicating a single crystal BFMO thin film was obtained.
The thin film has a very flat BFMO/STO interface. To reveal the cation ordering at B
sites along the [111] direction, [11¯0] zone axis was selected for HRTEM observations. Figure
3b,c exhibit the selected area electron diffraction (SAED) patterns of the STO substrate
and the BFMO thin film along [11¯0] the zone axis, respectively. It reveals a cubic-on-cubic
epitaxial relationship between the BFMO thin film and STO substrate. Interestingly, the
superlattice reflections (marked by arrows) appearing in the middle of the transmission spot
and the (111) diffraction spots clearly indicate the presence of the ordering along the [111]
direction in the BFMO thin film, as shown in Fig. 3c, which is consistent with the XRD
results. Fig. 3d gives a HRTEM image of the BFMO/STO interface, which clearly shows the
epitaxial growth of the BFMO on the STO substrate with the atomic level sharp interface,
indicating high quality of the sample. More importantly, we could observe the long-range
ordering of the (111) plane along the [111] direction with atomic resolution, as indicated
by the arrows in Fig. 3e. Both the (111) and [1¯1¯1] planes demonstrate bright and dark
contrast alternately, revealing a twofold superstructure of the (111) plane in the pervoskite
structure. Furthermore, the X-ray energy dispersive spectroscopy (EDS) analyses revealed
that the Bi:Fe:Mn cation ratio is nearly 2:1:1 in the thin film, as shown in Fig. 3f, consistent
with the designed composition. Thus, the combination of HRTEM observations and EDS
analyses unambiguously confirmed the ordering of Fe and Mn ions in the (111) plane along
the [111] direction in the BFMO thin film.
Based on diffraction techniques, we can conclude that Fe and Mn ordering along [111]
direction exists in the deposited BFMO films on STO (001) substrates. Fig. 4a illustrates
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the crystal structure of double-perovskite BFMO epitaxially grown on STO (001) substrate.
As shown in Fig. 4b, Fe and Mn ordering in BFMO adopts the rock-salt configuration and
thus BFMO can also be referred to [111]-oriented BFO-BMO superlattice. As BFO is a
well-known ferroelectric and canted AFM material[34, 35], while double-perovskite BFMO
has similar crystal structure as BFO except for the Fe-Mn ordering along [111] direction. A
question naturally arises: what is the magnetic structure of BFMO?
Magnetism characterization and analysis. Magnetic properties of 190 nm BFMO
film were measured by superconducting quantum interference device (SQUID) and the mag-
netic field was applied along the in-plane direction, parallel to the [100] direction of the STO
substrate. Fig. 5a shows the magnetic hysteresis (M -H) loop of BFMO film at 5 K and 300
K, respectively. The saturated magnetization (Ms) value of BFMO film at 300 K are about
1.8 emu/cm3, which corresponds to ∼ 0.02 µB/Fe-Mn pair. The in-plane magnetic hysteresis
(M -H) loop of 40 nm BFMO film at 300 K and 10 K can be seen in Supplementary Fig.
S4. Ms of 40 nm BFMO film at 10 K is about 0.2 µB/Fe-Mn pair. The Ms discrepancy
between 40 and 190 nm BFMO films is likely to be related with epitaxial strain[23]. The
magnetic behavior of 190 nm BFMO should have more intrinsic character because the effect
of epitaxial strain can be neglected. Hence, the M -H curve at 300 K indicates that BFMO
film has very weak magnetism. It is widely accepted that BFO is a canted antiferromagnet
and thus only has very small magnetic moment (∼ 0.02 µB/Fe)[34, 36]. But for BFMO with
[111] Fe-Mn ordering, X-ray photoelectron spectroscopy (XPS) analysis in Supplementary
Fig. S5 has verified that both Fe and Mn ions are mainly in trivalent (+3) state. It is re-
ported that both Fe3+ and Mn3+ in BFMO have high-spin (HS) state electron configuration
(t32ge
2
g for Fe
3+ and t32ge
1
g for Mn
3+)[10, 12]. Since the magnetic moments of Fe and Mn are
different (5 µB for Fe
3+and 4 µB for Mn
3+), AFM structure of BFMO should result in a net
magnetic moment of 1 µB per Fe-Mn pair, and thus the ferrimagnetism is expected. As a
result, the macroscopic magnetic moment of BFMO film is about 1 µB per Fe-Mn pair if the
AFM structure model of BFO is valid for BFMO. However, the magnetic moment of BFMO
is only 0.02 µB/Fe-Mn pair, which suggests the magnetic structure of BFMO is different
from that of BFO.
More interestingly, it can be observed that M -H loop at 5 K, which is entirely differ-
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ent from that of 300 K, does not exhibit the saturation in magnetic field up to 1 T. The
out-of-plane zero-field-cooled (ZFC) and field-cooled (FC) temperature dependent magne-
tization (M -T ) curves for BFMO film were measured under 1000 Oe from 5 K to 300 K,
which is shown in Fig 5b. The M -T curve of STO substrate was measured and subtracted
from BFMO/STO data. The ZFC and FC magnetization values of BFMO increase with
decreasing the measured temperature in the range of 50 K-300 K. Below 50 K, ZFC and FC
magnetization curve begin to split and a peak appears at around 18 K in ZFC curve whereas
FC curve continues to increase with decreasing the temperature up to 5 K. This phenomenon
exhibits a signature of spin-glass behavior, since the evidences of spin-glass state in oxide
include that there is a difference between ZFC and FC curves at low temperature, and a cusp
(or peak) exists in ZFC curve[37]. Similar observation has been reported in LaFe0.5Mn0.5O3
film and La doped BFMO ceramics with spin-glass state[38]. Thus, BFMO is likely to be a
spin glass and the spin-freezing temperature (Tf ) is about 18 K, corresponding to the peak
temperature in ZFC curve. It can be understood that the M -H loop at 5 K reveals weak
ferromagnetism in BFMO film due to spin freezing and it does not show the saturation even
at 1 T field like other spin glass systems[39].
It should be pointed out that the deviation of ZFC and FC curves and the existence of
peak in ZFC at low temperature region are not sufficient evidence for spin glass behavior. For
example, this behavior can also appear in superparamagnetic and AFM materials. However,
spin glass state is a metastable phase and the phenomenon of aging is one of important
characteristics of spin glass. Both superparamagnetic and AFM systems have no aging
behavior. To further confirm the spin glass behavior of BFMO film, we have measured the
relaxation of magnetization at 5 K (< Tf ) and 150 K (> Tf ). The BFMO sample was cooled
in 10000 Oe field from 300 K to 5 K or 150 K, waited for 30 s, and then decreased the field
to 500 Oe and measured the time-dependent magnetization. An extended exponential decay
can be applied to describe the magnetic relaxation of spin glass, which is as follows:
M(t) = M0 +Mrexp
[
−( t
τ
)
1−n]
, (1)
where M0 stands for the nonrelaxed magnetization under 500 Oe field, Mr contributes to
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the observed relaxed effects, the time constant τ and exponent n reflect the relaxation rate
of spin glass. If 0 < n < 1, it represents spin glass system[40–42]. Fig. 5c shows the time
dependent remnant magnetization at 5 K for BFMO film and there is a typical relaxation
behavior measured at 5 K for BFMO film. Red solid curve is the best fitting curve to the
measured data with equation (1) and the fitting parameters are also listed in Fig. 5c. The
fitting to experimental data is excellent. The n and τ parameter of BFMO is 0.69 and 821
s, respectively. These two parameters are close to those of BFO/BMO, which is a spin glass
system[40]. In comparison, Fig. 5d gives the time dependent remnant magnetization at 150
K ( > freezing temperature Tf ) for BFMO film. No relaxation is observed at 150 K and
fitting to measured data also verifies it. Hence, the combination of M -T curve (Fig. 5b) and
M -t relaxation (Fig. 5c,d) eventually identify that BFMO has a typical spin-glass behavior.
Why does BFMO exhibit a spin-glass-like behavior? Site disorder and spin frustration
generally give rise to spin-glass state. Our BFMO samples, however, have been proved to be
highly ordered single crystalline film. To further explore the magnetic structure of BFMO,
X-ray magnetic circular dichroism (XMCD) measurement, a powerful element-specific tech-
nique to investigate the magnetic response of materials[43, 44] was adopted. Magnetic
moments of Fe and Mn elements can be characterized or estimated respectively by XMCD.
Fig. 5e,f show X-ray absorption spectroscopy (XAS) at L-edges and XMCD of Fe and Mn el-
ement of BFMO film, respectively. XMCD is defined as the difference between the XAS with
the polarization of the incident X-ray to be parallel and anti-parallel to the applied magnetic
field (1 T in the measurements here). And its intensity represents the element-specific net
magnetization. As shown in Fig. 5c,d, +3 valence states for both Fe and Mn are confirmed
by the XAS across Fe and Mn L-edges. However, no measurable XMCD (signal below noise
level) can be observed from Fe or Mn L-edges of BFMO. This experimental result is very
interesting. It implies that both (111) Fe plane and (111) Mn plane demonstrate no or very
weak magnetism. XMCD measurement further suggests that the magnetic model of BFO
is not applicable to BFMO, and there should be a different magnetic structure for BFMO.
Based on SQUID and XMCD experimental data, we argue that a spin frustration magnetic
structure occurs in (111) Fe or Mn plane for BFMO. The presence of spin frustration will lead
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to no or very weak magnetism, which can be used to explain the magnetic behavior of BFMO.
Orbital model analysis and simulations of magnetic structures. As mentioned
before, previous studies[10, 12, 13] suggested that Fe3+-Mn3+ coupling should be AFM, con-
sequently BFMO should produce sizable net magnetism and no frustration can be created.
Nevertheless, all magnetic measurements suggest that BFMO sample is a spin frustrated
system featuring very weak or no magnetism. This pushes us to reconsider the coupling
between Fe3+ and Mn3+. In general, an octahedral crystal field in cubic lattice leads to
double orbital degeneracy of eg, however, in our case with Jahn-Teller ions Mn
3+, the orbital
degeneracy of eg is lifted by reduction of symmetry of lattice where apc ≈ 3.905 A˚ and cpc
≈ 4.015 A˚, thus eg orbital splits into dx2−y2 and dz2 orbitals whose shapes are described
in Fig. 6a. In paraelectric phase of BFMO, the regular octahedral crystal fields push up
the dx2−y2 level slightly higher than dz2 level for magnetic ions, as shown in Fig. 6b,c,d,e.
In this case, the in-plane Fe3+ and Mn3+ are ferromagnetically coupled (see Fig. 6b) and
the out-of-plane Fe3+ and Mn3+ are antiferromagnetically coupled (see Fig. 6c). Because
the lattice parameter cpc is just slightly bigger than apc, ferroelectric displacements of Fe
3+
and Mn3+ may have a significant effect on the energy levels of respective dx2−y2 and dz2
orbitals. Especially in that case as illustrated in Fig. 6f,g,h where the dx2−y2 and dz2 levels
of Mn3+ are reversed, consequently the in-plane superexchange of Fe3+ and Mn3+ is switched
from FM coupling (Fig. 6b) to AFM coupling (Fig. 6g), and meanwhile the out-of-plane
superexchange of Fe3+ and Mn3+ is switched from AFM coupling (Fig. 6c) to FM coupling
(Fig. 6h). Besides, whatever the Fe3+-Mn3+exchange interaction is, Fe3+-Fe3+and Mn3+-
Mn3+exchange interactions favor AFM coupling because of the virtual hoping between the
half-filled orbitals as given in Fig. 6d,e,f. Therefore, we can predict that there can exist an
intermediate state with certain ferroelectric displacement, where the nearest neighbouring
(NN) exchange interactions of Fe3+-Mn3+ will become very small owning to the collective
modulation of crystal field and ferroelectric distortions. In this situation, the next nearest
neighbouring (NNN) exchange interactions of Fe3+-Fe3+ and Mn3+-Mn3+ become dominant
and determine the magnetic state.
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Indeed, as proved in our first-principles calculations, we find a ferroelectric phase in
which the superexchange of NNN Fe3+-Fe3+ and Mn3+-Mn3+ are much bigger than the
NN Fe3+-Mn3+ superexchange. Six magnetic structures (see Fig. 7a-f) are adopted to
perform total energy calculations and Heisenberg Hamiltonian is used to describe the ex-
change parameters, as shown in Fig. 7g. The computational methods and model details
can be found in Methods section: First-principles calculations. The obtained Ja,
Jc, Jac(Fe) and Jac(Mn) are -2.38 meV (FM), 1.18 meV (AFM), 10.50 meV (AFM) and 4.02
meV (AFM), respectively. One can notice that Jac(Fe) is 4.4 times and 8.89 times as big
as Ja and Jc, respectively. These relatively bigger long-range AFM interactions give rise to
the spin frustration in their respective magnetic sublattices and finally leads to the glassy
state as we have observed in the experiment. Further quantitative analysis about how the
ferroelectric distortion and exchange interactions are coupled will be discussed elsewhere[45].
Using the parameters obtained in first-principles calculations, Monte Carlo simulations
are used to predict the magnetic state at low temperature. The simulation methods can be
found in Methods section: Monte Carlo simulations. The final magnetic state resulted
from our simulations is represented by a three-dimensional model, as displayed in Fig. S6.
One can see that it is a very frustrated system where spin directions are arranged randomly.
In this system, random spins cancel each other, consequently the net magnetization is weak.
In simulations, we also find that the magnetic structure is extremely sensitive to perturba-
tions, e.g. external magnetic field, which is one of the most notable features of glassy state.
These theoretical results agrees well with our experimental observations.
Ferroelectricity characterization and analysis. To identify if the RT ferroelectricity
remains in BFMO system, we have further investigated the RT ferroelectricity of BFMO
film on conductive SrRuO3-coated STO (001) substrate and the external electric field can
be applied on BFMO film easily. Piezoelectric Force Microscopy (PFM) was used to probe
the local ferroelectric properties of this film. BFMO film on SrRuO3/STO has similar sur-
face morphology with that of BFMO film directly deposited on STO, as shown in Fig. 8a.
Fig. 8b,c present the out-of-plane magnitude and phase image of ferroelectric domain after
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box-in-box switching with a tip bias of ± 9 V on the surface of BFMO film. A clear domain
pattern after switching indicates the presence of RT ferroelectricity in BFMO film. For
example, the yellow and dark colors in phase image represent the polarization state points
downwards and upwards, respectively. The approximate 180◦ phase contrast reveals the
two domains have entirely opposite polarization directions. Local PFM hysteresis loop in
Fig. 8d further confirms the existence of switching polarization, and good RT ferroelectric
character in BFMO film. The local coercive voltages are about -3 V and 2 V, which are also
indicated by the minimum value of the amplitude loop.
DISCUSSION
In summary, we have successfully fabricated high-quality BFMO films along [111] Fe-Mn
ordering at RT temperature, which is unambiguously supported by our synchrotron XRD
and HRTEM results. The exotic aspect of the present finding is the coexistence of spin
glass state and ferroelectricity, which is suggested by SQUID and XMCD magnetic charac-
terization, together with PFM analysis for ferroelectricity. Our first-principles calculations
proposes a spin frustration model to explain the observed glassy state and weak magnetism
by considering the robust next nearest neighboring antiferromagnetic superexchange interac-
tions, and further reveals a close correlation between ferroelectric distortions and exchange
interactions which hints a notable magnetoelectric effect. Our study paves a way to attain
complex magnetic structures in metastable complex oxides by epitaxial techniques. Studies
on these complex oxides certainly have deeply enriched our understanding on the internal
relationship between several order parameters, such as polarization and magnetization.
METHODS
Detailed growth conditions. A Bi2.1FeMnO6 ceramic target was synthesized by the
conventional solid-state reaction method. 40 and 190 nm thick BFMO epitaxial films were
deposited on STO (001) substrates from the Bi2.1FeMnO6 target by PLD, respectively. An
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excimer KrF (λ = 248 nm) laser at a repetition rate of 8 Hz was used and the laser fluence
on target was fixed to ∼ 2 J·cm−2. The BFMO films were prepared in 700 ◦C and under 15
mTorr oxygen atmospheres.
XRD measurements. 2theta-Omega Scan, Rocking Curve Scan, Asymmetric (111) Scan,
and RSM of BFMO epitaxial films were performed by high-resolution XRD (Bruker D8,
Model: Discovery). A wavelength value λ = 0.15406 nm for the CuKα1 radiation and
Ge (220) monochromator were employed in the XRD measurement. The thickness of 40 nm
BFMO film was determined by both XRR and the fringe-peak oscillation. RSM on (111) and
(1/2,1/2,1/2) reflections experiments of BFMO films were identified using high resolution
synchrotron X-ray diffractometry at the BL14B1-XRD beam line of Shanghai Synchrotron
Radiation Facility.
TEM image and SAED conditions. HRTEM cross-section image of BFMO and Se-
lected Area Electron Diffraction were performed by Field Emission Transmission Electron
Microscopy (2100F, JEOL, Co., Tokyo, Japan).
Atomic force microscopy and PFM measurements. The surface morphology of BFMO
films were observed by Atomic Force Microscopy (Veeco Dimension 3100). Local ferroelec-
tric properties of BFMO films were probed by Piezoelectric Force Microscopy (PFM, Asylum
Research Cypher).
XPS measurement. X-ray Photoelectron Spectroscopy (XPS, Shimadzu-Kratos, Model:
AXIS UltraDLD) was used to identify the chemical valence state of all metallic elements in
BFMO films. The binding energies were calibrated by using the carbon peak (C 1s = 284.8
eV).
SQUID and PPMS measurements. Magnetism of BFMO films were measured by Mag-
netic Properties Measurement System (MPMS3, Quantum Design) and Physical Properties
Measurement Systems (PPMS-9, Quantum Design).
XAS and XMCD measurements. Synchrotron X-ray absorption based measurements
were performed at Beamline 11A of National Synchrotron Radiation Research Center in
Hsinchu, Taiwan. Circularly polarized X-rays were selected with fixed polarization. ± 1
Tesla external magnetic field were applied during the XMCD measurements. All measure-
ments were done at room temperature.
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First-principles calculations. Computational methods : Our calculations were performed
by both full-electron calculations and projected augmented wave (PAW) method. All-
electron calculations use the full-potential linearised augmented-plane wave method, as im-
plemented in the WIEN2k code[46], and PAW calculations use the plane wave basis set in
Vienna ab-initio simulation package (VASP)[47]. Generalized gradient approximation (GGA)
and GGA plus Hubbard U (GGA+U) were treated for the exchange-correlation potential.
We employed effective Hubbard U of 4 eV and 5.2 eV[14, 15] for Fe and Mn 3d orbitals,
respectively. In VASP[47], the energy cutoff for the plane-wave basis was set to 520 eV in
relaxations and 800 eV in total energy calculations, respectively. 8 × 8 × 6 k-point meshes
were adopted to sample the first Brillouin-zone for BFMO. In WIEN2k[46], the muffin-tin
sphere radii are chosen to be 2.44, 1.9, 1.86 and 1.6 Bohr for Bi, Fe, Mn and O atoms,
respectively. The cutoff energy of 16 Ry is used for plane wave expansion of interstitial wave
functions, and 6×6×4 k mesh for integration over the Brillouin zone. Computational models :
We built a
√
2 × √2 × 2 superlattice according to the experimental lattice constants. We
simulated a set of structures with different ferroelectric distortions (λ). The results indicate
that the exchange constants are closely correlated to the distortions. What is more, the spin
frustration does not appear in the fully relaxed ferroelectric phase (i.e., λ = 1). Only in cer-
tain phase with specific ferroelectric displacements (λ ≈ 0.4 in our case) can the NNN AFM
be enhanced to cause the magnetic frustration. We argue that such a phenomenon could
be induced by the closely coupling of exchange interactions and ferroelectric polarization,
hinting a possible magnetoelectric effect.
Monte Carlo simulations. Monte Carlo simulations based on the model Heisenberg
Hamiltonian are used to simulate the glassy state. The same method has been applied
successfully to predict the ground state of magnetic materials in our previous study[48]. In
our simulations, we employ a 16a × 16a × 16c (a = 3.905, c = 4.015 A˚) face-centered cubic
cell with periodic boundary conditions. For the sake of simplicity in simulations, Fe and Mn
atoms are treated equally.
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Figure 1. Structural characterization of BFMO films. (a) RSM of (002) reflection of 40
nm-thick BFMO film and STO substrate. (b) RSM of (-103) reflection of 40 nm-thick BFMO
film and STO substrate. (c) Asymmetric (111) 2theta-Omega XRD scan of 40 nm-thick and 190
nm-thick BFMO films grown on (001)-oriented STO substrates, Kβ symbol represents the Cu-Kβ
signal from STO substrate.
Supplementary Figures
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Figure 2. Direct identification of Fe and Mn ordering along [111] direction using
synchrotron X-ray diffraction. (a) RSM of (111) reflection of 190 nm-thick BFMO film and
STO substrate. (b) RSM of superlattice (1/2, 1/2, 1/2) reflection of 190 nm-thick BFMO film.
Figure 3. Confirmation of the ordering of B sites in the BFMO thin film by HRTEM.
(a) Typical bright field TEM image of the thin film. (b) SAED patterns of the STO
substrate along the [11¯0] zone axis. (c) SAED patterns of the BFMO thin film along the [11¯0]
zone axis showing the superlattice reflections in the middle of the transmission spot and the 111
diffraction spots. (d) HRTEM image of the BFMO/STO interface. (e) Typical HRTEM image of
the BFMO thin film revealing the ordering of the (111) and [1¯1¯1] planes. (f) Typical EDS spectra
of the BFMO thin film and the STO substrate.
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Figure 4. Schematic representation of crystal structure of rock-salt-structured double-
perovskite BFMO. (a) The crystal structure of BFMO grown on STO (001) substrate. (b) The
B-site ordering along [111] direction. Red arrow denotes the [111] direction.
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Figure 5. Magnetic characterization of BFMO film. In-plane magnetic hysteresis (M -
H) curves of BFMO film epitaxially grown on STO substrate after the subtraction of the dia-
magnetic signal of STO substrate, (a) measured at 5 K and 300 K; (b) temperature dependent
magnetization(M -T ) curves of BFMO film (5 K ∼ 300 K); the measured and fitted time dependent
remnant magnetization at 5 K (c) and 150 K (d) for BFMO film; XAS and XMCD spectra for Fe
(e) and Mn (f) in BFMO film.
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Figure 6. Active orbitals and virtual hoping process. (a) The respective active oritals of
Fe3+ and Mn3+ are plotted. (b) The in-plane NN FM coupling of Fe3+-Mn3+contributed by the
virtual hopping from a half-filled dx2−y2 orbital to an empty dx2−y2 orbital. (c) The out-of-plane
NN AFM coupling of Fe3+-Mn3+ contributed by the virtual hopping between two half-filled dz2
orbitals. (d) and (e) describe the virtual electron hopping processes of NNN Fe3+-Fe3+ and Mn3+-
Mn3+ superexchange, respectively. (f) describes the virtual electron hopping process of Mn3+-Mn3+
after the reversal of energy level of Mn3+. Whatever the NN Fe3+-Mn3+ superexchange is, NNN
Fe3+-Fe3+ and Mn3+-Mn3+ superexchange favors AFM coupling owning to the virtual electron
hoping between two half-filled orbitals. Due to the reversal of energy level of dx2−y2 and dz2
of Mn3+, in-plane Fe3+-Mn3+ superexchange becomes antiferromagnetically coupled between two
half-filled dx2−y2 orbitals(g), and the out-of-plane Fe3+-Mn3+ becomes ferromagnetically coupled
contributed by the virtual hopping from a half-filled dz2 orbital to an empty dz2 orbital(h).
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Figure 7. Schematic view of the magnetic structures and the superexchange consid-
ered in our models. (a) The magnetic moments are ferromagnetically coupled within the (111)
planes and antiferromagnetically coupled between adjacent planes, showing G-AFM magnetic or-
der. (b) C-AFM refers to AFM coupling for (100) and (010) planes while the magnetic moments
are ferromagnetically coupled within (110) planes. (c) In FM spin configuration, all of the mag-
netic moments are coupled ferromagnetically. (d) FeAFMMnFM has AFM ordered Fe sublattice and
FM ordered Mn sublattice. (e) FeFMMnAFM has FM ordered Fe sublattice and AFM ordered Mn
sublattice. (f) In A-AFM magnetic structure, the magnetic moments are ferromagnetically coupled
within the (001) planes and antiferromagnetically coupled between adjacent planes. Arrows denote
the magnetic moments of Fe and Mn. (g)The superexchange considered in our study. 1© and 2©
denote the in-plane NN Fe-Mn exchange parameter Ja and the out-of-plane NN Fe-Mn exchange
Jc, respectively. 3© and 4© represent the NNN Fe-Fe exchange parameter Jac(Fe) and the NNN
Mn-Mn exchange parameter Jac(Mn), respectively.
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Figure 8. Local ferroelectric switching of BFMO film at room temperature. (a) Surface
morphology of BFMO film. (b) The out-of-plane PFM amplitude and phase (c) image recorded
after writing using a conductive tip. (d) Local PFM hysteresis loops: phase signal (top); amplitude
signal (bottom).
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Supplementary Figure S1. Structural and topography of BFMO films.
(a)2theta-Omega XRD scans for BFMO films epitaxially grown on STO(001) substrates with
Cu-Kα radiation X-ray rather than monochromator-filtered Cu-Kα1 in order to detect if impurity
phase exists in BFMO films. High-Resolution XRD 2theta-Omega scan of BFMO films grown on
STO(001) substrates, (b) wide range: 10◦ ∼ 110◦, (c) in the vicinity of (001) reflections. (d)
rocking curve scan of BFMO films and STO substrates around (002) reflections. A topography of
(e) 40 nm BFMO film and (f) 190 nm BFMO film obtained by Atomic Force Microscopy.
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Supplementary Figure S2. eciprocal Space Mapping of 190 nm BFMO film using
synchrotron X-ray diffraction. (a) Reciprocal Space Mapping of (002) reflection of 190
nm-thick BFMO film and STO substrate. (b) Reciprocal space mapping (103) reflection of 190
nm-thick BFMO film and STO substrate.
Supplementary Figure S3. Direct identification of Fe and Mn ordering along [111]
direction using synchrotron X-ray diffraction. (a) Reciprocal space mapping of (111)
reflection of 40 nm-thick BFMO film and STO substrate. (b) Reciprocal space mapping of
superlattice (1/2, 1/2, 1/2) reflection of 40 nm-thick BFMO film.
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Supplementary Figure S4. Magnetic characterization of BFMO film. In-plane magnetic
hysteresis M -H curves of 40 nm-thick BFMO film epitaxially grown on STO (001) substrate after
the subtraction of the diamagnetic signal of STO substrate, (a) measured at 300 K, (b) at 10 K.
These M-H curves were measured by Physical Properties Measurement Systems (PPMS).
Supplementary Figure S5. Characterization of element valence state in BFMO. XPS
spectra of Bi 4f (a) , Fe 2p (b) and Mn 2p (c) core levels for 190 nm-thick BFMO film deposited
on STO (001) substrate.
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Supplementary Figure S6. The spin glass state resulted in Monte Carlo simulations.
Here, we plot the range 8× 8× 8 and set the view point at (0, 0, 4). The arrows indicate the spin
directions of Fe/Mn ions.
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